Quantum systems can exhibit nonlocal behavior, violating Bell's criteria for local causal models. The traditional definition of multipartite Bell nonlocality allowed for a contradictory effect whereby local operations could create nonlocality seemingly from scratch. The inconsistency lied ultimately in that all bilocal hiddenvariable (BHV) models (including those exploiting arbitrary hidden communication) were naively regarded as incompatible with genuinely multipartite nonlocality. This led to a redefinition of the latter, according to which the conflicting BHV models are allocated a subtle form of genuinely multipartite nonlocality, which is exposed -as opposed to created -by the local operations. However, such effect has been neither experimentally confirmed nor theoretically explored for other variants of quantum nonlocality, including the celebrated steering of Schrödinger, Einstein, Podolsky, and Rosen. Here we study both Bell nonlocality and steering exposures as resource-theoretic transformations. We devise protocols that, remarkably, are able to reveal, in seemingly unsteerable systems, not only subtle steering (exposure), but also Bell nonlocality (super-exposure). Surprisingly, one of the protocols produces any set of quantum correlations via a local operation on classical ones admitting a BHV model. To reestablish soundness, we present an operationally consistent redefinition of multipartite steering. Finally, we implement one of the protocols with three photonic qubits deterministically, providing the first experimental demonstration of both exposure and super-exposure of quantum nonlocality. Our findings have fundamental and applied implications for future quantum networks. * marciotaddei@gmail.com bipartition) operations alone, such as those shown in Figs. 1  b) and c), for example.
Three forms of quantum correlation occur in natureentanglement, Bell nonlocality and steering. The distinction between them is given by the level of trust and control that one has on the systems involved. Entanglement, for instance, is naturally formulated in the so-called devicedependent (DD) scenario [1] . There, one assumes that the system can be completely characterized by the measurement apparatus, at least in principle. Bell nonlocality, in contrast, takes place in the device-independent (DI) description [2] . There, measurement devices are treated as untrusted black boxes whose actual measurement process is uncharacterized or ignored, relying only on classical measurement settings (inputs) and results (outputs). Quantum steering, on the other hand, is a hybrid type of correlation -intermediate between entanglement and Bell nonlocality -that arises in semi-DI settings [3] [4] [5] . The latter involve both DD and DI parties, and an example is shown in Fig. 1 a) for the tripartite case of two untrusted devices and one trusted one.
For all three types of correlation, the multipartite scenario is considerably richer than the bipartite one. In particular, it allows for genuinely multipartite correlations, which cannot be created by bilocal (i.e. local with respect to any system Figure 1 . Several hybrid (trusted-untrusted) multipartite scenarios. In the device-dependent (DD) case, measurement devices are well characterized (trusted), so that a specific quantum state (represented by Bloch spheres) can be attributed to the system. In the deviceindependent (DI) case, in contrast, the devices are uncharacterized (untrusted), so that systems are represented by black boxes. Semi-DI scenarios contain both trusted and untrusted components. There, the joint system is mathematically described by a hybrid object -between a state and a Bell behavior -called assemblage, and the type of nonlocality they can feature is called steering. In all three panels the shaded plane illustrates the bipartition of the trusted subsystem versus the untrusted ones. a) An assemblage in the 2DI+1DD scenario: Alice and Bob rely on a black-box description, whereas Charlie's system is trusted. All three subsystems are space-like separated. b) Alice and Bob are no longer space-like separated: she communicates her output to him and he uses this to choose his input. This is an example of a bilocal wiring (local with respect to the bipartition AB|C). Such operations cannot create any correlations across the bipartition, but they can expose a subtle form of multipartite quantum nonlocality that otherwise does not violate any Bell or steering inequality across the bipartition (see text). c) A 4DI+1DD assemblage is mapped onto a 2DI+1DD one by a bilocal wiring [x2 = a3, x3 = x4, and a 1 = a1 ⊕ a2 (sum modulo 2)]. Such wirings can implement non-trivial resource-theoretic transformations, but not enough to enable a multi-black-box universal steering bit, i.e. an N -partite assemblage from which all bipartite ones, e.g., can be reached (see Appendix F).
These are unable to create the resource: they transform every resourceless state into a resourceless state. Interestingly, their study in fully-DI multipartite scenarios has revealed an operational inconsistency at the very heart of the theory [27, 36] . A fully DI description is cast in terms of a Bell behavior, given by a conditional probability distribution of the outputs given the inputs. The inconsistency is that, in a tripartite DI scenario, bilocal "wirings" [e.g. linking the output of one black box to the input of another such as in Fig. 1 b) , but in the fully DI scenario] can map tripartite Bell behaviors that are bilocal in the AB|C bipartition into bipartite Bell behaviors that violate a Bell inequality across AB|C. Bell locality implies that there exists a local-hiddenvariable (LHV) model, in which correlations are explained by a (hypothetical) classical common cause (the hidden variable) within the common past light-cone of the measurement events [37] . Any Bell-inequality violation implies incompatibility with LHV models, i.e. Bell nonlocality. The observation above thus seems contradictory, as local wirings within AB are free operations of Bell nonlocality in AB|C and therefore unable to increase Bell-inequality violations. The problem, however, lied in the definition of Bell nonlocality in multipartite scenarios used previously [38] .
According to the traditional definition [38] , Bell nonlocality across a system bipartition is incompatible with any LHV model with respect to it. This includes so-called "fine-tuned" models [39] with hidden signaling. These are LHV models where, for each value of the hidden variable, the subsystems on each side of the bipartition communicate, but for which the statistical mixture over all values of the hidden variable renders the observable correlations non-signaling. The problem is that the bilocal wiring can conflict with the hidden communication in such models, giving rise to a causal loop. For instance, to physically implement the wiring in Fig. 1 b) , Bob must be in the causal future of Alice, which is inconsistent with hidden communication from Bob to Alice. This explains why apparently bilocal behaviors can lead to Bell violations after a bilocal wiring. A redefinition of multipartite Bell nonlocality was then proposed [27, 36] . This considers the correlations from conflicting bilocal models already nonlocal across the bipartition, so that the wiring simply exposes an already-existing subtle form of Bell nonlocality. We refer to the latter form and effect as subtle Bell nonlocality and Bell-nonlocality exposure, respectively.
The redefinition fixed the inconsistency, but also opened several intriguing questions. First, no experimental observation of Bell-nonlocality exposure has been reported. Second, even though steering theory is relatively mature [17, [40] [41] [42] [43] , little is known about steering exposure. Steering features in the semi-DI description, where systems are described in terms of assemblages, given by quantum states describing the DD subsystems, weighted by the conditional probabilities describing the DI parties. Operational consistency relative to steering exposure was considered, in particular, in a definition of multipartite steering [17] , but based on models where each party is probabilistically either trusted or untrusted. On the other hand, a definition based on multipartite entanglement detection in semi-DI setups with fixed trusted-versus-untrusted divisions was proposed in Ref. [44] . There, bilocal hidden-variable models (for multipartite assemblages) with an explicit quantum realization are considered, which automatically rules out potentially-conflicting fined-tuned models. Nevertheless, this has the side-effect of over-restricting the set of unsteerable assemblages, thus potentially over-estimating steering. Third, exposure as a resource-theoretic transformation is yet unexplored territory. For instance, is it possible to obtain every bipartite assemblage via exposure from some multipartite one? What about Bell behaviors? Moreover, is there a single N -partite assemblage from which all bipartite ones are obtained via exposure?
These are the questions we answer. To begin with, we show that, remarkably, exposure of quantum nonlocality is a universal effect, in the sense that every bipartite Bell behavior (assemblage) can be the result of Bell-nonlocality (steering) exposure starting from some tripartite one. This highlights the power of exposure as a resource-theoretic transformation. However, we also delimit such power: we prove a no-go theorem for multi-black-box universal steering bits: there exists no single N -partite assemblage (with N − 1 untrusted and 1 trusted devices) from which all bipartite ones can be obtained through free operations of steering. Interestingly, in the universal steering exposure protocol, the starting behavior is not guaranteed to admit a physical realization, i.e. it may be supra-quantum [45] [46] [47] . Therefore, we also derive an alternative protocol that -albeit not universal -is manifestly within quantum theory. Moreover, we show that the output assemblage of such protocol is not only steerable but also Bell nonlocal (in the sense of producing a nonlocal behavior upon measurements by Charlie). This is notable as Bell nonlocality is a stronger form of quantum correlation than steering. We refer to this effect as super-exposure of Bell nonlocality. In turn, we provide a redefinition of (both multipartite and genuinely multipartite) steering to re-establish operational consistency. Finally, we experimentally demonstrate exposure as well as super-exposure. This is done using three degrees of freedom of two entangled photons generated by spontaneous parametric down conversion, in a determin-istic protocol.
Steering and the semi-DI setting
Most of our discussion will be based on the semi-DI setting of Fig. 1 a) . Such systems are fully described by a Bell behavior P (AB) := {P a,b|x,y } a,b,x,y , with P a,b|x,y the conditional probability of outputs a, b given inputs x, y, for Alice and Bob, and an ensemble of conditional quantum states a,b|x,y for Charlie. These can be encapsulated in a hybrid object known as the assemblage σ := {σ a,b|x,y } a,b,x,y , of sub-normalized conditional states σ a,b|x,y := P a,b|x,y a,b|x,y . We assume that σ satisfies the no-signaling (NS) principle, by virtue of which measurement-outcome correlations alone do not allow for communication. This implies that the statistics observed by any subset of users should be independent of the input(s) of the remaining user(s). Mathematically, this condition reads a σ a,b|x,y = σ Unlike in Bell nonlocality or entanglement, semi-DI systems have a natural bipartition: the one separating the trusted devices from the untrusted ones. This is the bipartition with respect to which we define steering throughout, unless otherwise explicitly stated. According to the standard definition, σ is unsteerable if it admits a local hidden-state (LHS) model, namely, if it can be decomposed as σ a,b|x,y = λ P λ P a,b|x,y,λ λ .
(2)
Otherwise σ is steerable. Here, P λ is the probability of the hidden variable Λ taking the value λ, each P (AB) λ := {P a,b|x,y,λ } a,b,x,y is a λ-dependent behavior, and λ is the λth hidden state for C (locally correlated with AB only via Λ). Importantly, that σ is non-signaling does not imply that so is each P (AB) λ . In fact, LHS models can exploit hidden communication between Alice and Bob as long as actual communication at the observable level (i.e. upon averaging Λ out) is impossible. This effect is known as fine-tuning [39] ; the standard definition of steering imposes no restriction on fine-tuned LHS models. This turns out to be critical. Indeed, we will see that unrestricted hidden signaling is responsible for a stark conflict with the reasonable expectation that local operations should not increase inter-party correlations.
Steering exposure and Bell-nonlocality super-exposure
We begin by an exposure protocol for steering and Bell nonlocality that is universal in the sense of being capable of producing any bipartite assemblage (behavior) whatsoever from an appropriate tripartite assemblage (behavior) originally admitting an LHS (LHV) model. As in Ref. [27] , we exploit bilocal wirings as that of Fig. 1 b) , which makes Bob's input y equal to Alice's output a. This requires that Bob's measurement is in the causal future of Alice's. Indeed, after the wiring, systems A and B now behave as a single black box with input x and output b. In other words, exposure is a form of conversion from tripartite correlations into bipartite ones. Here, we restrict to the case of binary inputs and outputs (each one can take only two values) for simplicity, where we prove the following surprising result.
Universal exposure of quantum nonlocality: Any bipartite assemblage σ (target) or Bell behavior P (target) can be obtained via the wiring y = a on the tripartite assemblage σ (initial) or behavior P (initial) , respectively, of elements where ⊕ stands for addition modulo 2. Moreover, σ (initial) and P (initial) admit respectively an LHS and an LHV models across the AB|C bipartition, for all σ (target) and P (target) .
That the initial correlations are mapped to the desired target is self-evident from Eqs. (3) . What is certainly not evident is that the initial correlations are bilocal. This is proven in Appendix A by construction of explicit LHS and LHV models. When the target assemblage (behavior) is steerable (Bell nonlocal), exposure of steering (Bell nonlocality) is achieved. Furthermore, apart from steerable, assemblages can also be Bell nonlocal in the sense of giving rise to nonlocal behaviors under local measurements [42] . Hence, when σ (target) is Bell nonlocal, a seemingly unsteerable system is mapped onto a Bell nonlocal one, which is outstanding in view of the fact that unsteerable assemblages form a strict subset of Bell-local ones.
The protocol highlights the power of bilocal wirings as resource-theoretic transformations. Remarkably, such wirings compose a strict subset of well-known classes of free operations of quantum nonlocality (across AB|C): local operations with classical communication (LOCCs) [1] for entanglement, one-way (1W) LOCCs from the trusted to the untrusted parts [22] for steering, and local operations with shared randomness [27] [28] [29] for Bell nonlocality. However, there are also limitations to the power of these wirings. In particular, in Appendix F we prove a no-go theorem for universal steering bits in the N DI+1DD scenario [exemplified in Fig. 1 c) for N = 4]. That is, we show there that there is no N -partite assemblage, for all N , from which all bipartite ones can be obtained via arbitrary 1W-LOCCs.
Although the protocol above is universal, it is unclear whether it can actually be physically implemented in general. This is due to the fact that the tripartite initial correlations may be supra-quantum, i.e. well-defined non-signaling correlations that can however not be obtained from local measurements on any quantum state [45] [46] [47] [48] . Physical protocols for Bell-nonlocality exposure were devised in Refs. [27, 36] , but no such protocols have been reported for steering. Hence, we next derive an alternative protocol for both steering exposure and Bell-nonlocality super-exposure that is manifestly within quantum theory. This also exploits the bilocal wirings of Fig. 1 b) , but starting from a different initial assemblage. We describe the latter directly in terms of its quantum realization. Consider a tripartite Greenberg-Horne-Zeilinger (GHZ) state (|000 + |111 )/ √ 2, with |0 and |1 the eigenvectors of the third Pauli matrix Z. Bob makes von Neumann measurements on his share of the state for both his inputs, for y = 0 in the Z + X basis and for y = 1 in the Z − X basis, with X the first Pauli matrix. Alice, however, makes either a trivial measurement, given by the positive operatorvalued measure {1/2, 1/2}, for x = 0, or a von Neumann X-basis measurement, for x = 1. For the resulting initial assemblage, σ (GHZ) , the following holds (see Appendix B for more details).
Physically-realizable exposure and super-exposure: The quantum assemblage σ (GHZ) , of elements σ (GHZ) a,b|x,y =
admits an LHS model and, under the wiring y = a, is mapped to the assemblage of elements
NS-LHS
TO-LHS LHS all NS assemblages which is both steerable and Bell-nonlocal.
These results require a redefinition of steering in the multipartite scenario, since, analogously to [27] , an assemblage can belong to LHS and still be steerable. A suitable choice is to restrict all signaling between Alice and Bob also at the level of each λ in Eq.(2); this defines the set NS-LHS (nonsignaling local hidden states). This restriction, however, can be consistently relaxed to allow signaling between the two as long as, for each λ, Alice and Bob's distribution is compatible with both orders (A before B and B before A); this defines TO-LHS (time-ordered local hidden states), a strict superset of NS-LHS; see Fig.2 and details in Methods. This has consequences for genuine multipartite correlations, including the possibility of certifying genuine multipartite entanglement in a semi-DI scenario without steering.
Experimental implementation
The exposure procedure was experimentally implemented using entangled photons produced via spontaneous parametric down conversion. The experimental setup is shown in Fig. 3 . A photon pair is generated in the Bell state |Φ + = (|00 + |11 ) / √ 2, where |0 (|1 ) stands for horizontal (vertical) polarization of the photons [49] . The photons in the signal mode (s) pass through a calcite beam displacer (BD), which creates two momentum modes (paths) depending on the polarization. This results in a tripartite GHZ state, where the extra qubit is the path degree of freedom of the photons in s. Alice's and Bob's qubits are the polarization and path [49] . The signal (s) photon is sent through a BD which deviates only the horizontal-polarization component, producing a tripartite GHZ state on two photons using polarization and path degrees of freedom. Idler (i) photons are sent directly to Charlie's polarization measurements. Signal photons are first measured in polarization by Alice, then Bob maps his path qubit onto a polarization qubit for his measurements. H stands for half-wave plate, Q for quarter-wave plate and P BS for polarizing beam splitter. of the photons in mode s, respectively, while Charlie's qubit is the polarization of the photons in mode i. Projective measurements onto all the degrees of freedom required for state tomography are performed as described below.
To implement the wiring from Fig. 1 b) , Alice's polarization measurements are realized before Bob's measurements onto the path degree of freedom. Alice's results are read from the output of PBS A , which determines whether D 2 (a = 0) or D 3 (a = 1) clicks. For Alice's trivial measurement (x = 0), crucial for the original assemblage to be LHS-decomposable, both her wave plates located before the imbalanced interferometer (represented by ∆) are kept at 0 • , and H @θ is adjusted to 22.5 • . The role of ∆ is to remove the coherence between horizontal and vertical polarization components, ensuring that the photon exits PBS A randomly, independent of the input polarization state. For x = 1, Alice's wave plates are set to project the polarization on the X eigenstates, the interferometer and H @θ (θ = 0 • ) play no role. Bob performs his projective measurements by first mapping the path degrees of freedom onto polarization using BDs and then projecting the polarization state using his set of wave plates and PBSs, as was realized in Ref. [50] . To reconstruct the assemblage in Eq. (4), measurements for y = 0 and y = 1 are made in both detectors D 2 and D 3 , varying the angle of the wave plates in Bob's box. To collect the data corresponding to the wired assemblage (5) only the y = 0 measurement is made in D 2 (a = 0) and only y = 1 is made in D 3 (a = 1), enforcing that Bob's input equals Alice's output (y = a).
The assemblage σ (GHZ) was obtained experimentally by performing state tomography on Charlie's system for each measurement setting and outcome of Alice and Bob. Sixteen density matrices (plotted in Appendix C) are obtained through maximum likelihood, and the assemblage presents a fidelity-like measure of 98.2±0.2% compared to the theoretical one (Appendix C). The experimental wired assemblage is shown in Fig. 4 a) , and returns a fidelity of 98.1 ± 0.6% with respect to the theoretical wired assemblage given in (5) .
An exact LHS decomposition of the experimental assemblage is not feasible due to imperfections and finite statistics -in fact, assemblages reproducing raw experimental data exactly are not even physical, since they disobey the NS principle [44] . To show that the experimental tripartite assemblage is statistically compatible with an LHS decomposition, we proceed as follows: First, we assume the photocounts obtained for each measured projector are averages of Poisson distributions; with a Monte Carlo simulation, we sample many times each of these distributions and reconstruct the corresponding assemblages. Second, for each reconstructed assemblage, we find the physical (NS) assemblage that best approximates it through maximum-likelihood estimation, as well as the best LHS approximation for comparison. As an initial indication of LHS-compatibility, the log-likelihood error of both approximations is extremely similar, see Fig.4c ). Third, for the NS approximations we calculate the LHSrobustness [51] , a measure which is zero for all LHS assemblages. For comparison, we repeat the procedure starting with simulated finite-photocount statistics from the theoretical LHS assemblage from Eq. (4). In Fig.4d ) we see that the experimental robustness has a sizable zero component and a distribution fully compatible with that of an LHS assemblage under finite measurement statistics.
To show that the experimental wired assemblage is steerable, we tested it on the optimal steering witness W with respect to assemblage (5) (see Appendix B). This returned a value 1.015 ± 0.009 1 (theoretical: 1.0721 1), where the inequality violation implies steering, see Fig.4b ). This allows us to conclude that the bipartite wired assemblage is indeed steerable. The experimental error was calculated using 500 assemblages also from a Monte Carlo simulation of measurement results with Poisson photocount statistics.
Using the same experimental setup, we can also experimentally demonstrate super-exposure of Bell nonlocality. As argued above, the initial experimental assemblage is compatible with an LHS model. Therefore, no matter what measurement Charlie makes, the corresponding Bell behavior will be compatible with an LHV model. Hence, we must only show that the experimental wired assemblage is Bell nonlocal. In Ref. [42] , a necessary and sufficient criterion for Bell nonlocality of assemblages was derived: Given Alice and Bob's wired measurements (y = a) with input bit x and output bit b, to maximally violate a Bell inequality, Charlie performs von Neumann measurements in the 2Z + X and X bases, labeled by input bit z, obtaining binary output result c.
They thus obtain sixteen probabilities P (b, c|x, z), which are used to calculate the Clauser-Horne-Shimony-Holt (CHSH) inequality [52] . We obtained an experimental violation of 2.21 ± 0.04 2 (theoretical prediction: 2.29 2), showing Bell nonlocality in a DI fashion. Thus, we have experimentally demonstrated both exposure of steering and super-exposure of Bell nonlocality.
Concluding remarks. We have demonstrated that the traditional definition of multipartite steering for more than one untrusted party based on decomposability in terms of generic bilocal hidden-state models presents inconsistencies with a widely accepted, basic operational framework for the resource. We have also shown how, according to such definition, a broad set of steerable (exposure) and even Bellnonlocal (super-exposure) assemblages would be created seemingly from scratch, e.g. by bilocal wirings acting on an unsteerable assemblage. A surprising discovery that we have made is the fact that exposure of quantum nonlocality is a universal effect, in the sense that all steering assemblages as well as Bell behaviors can be obtained as the result of an exposure protocol starting from bilocal correlations in a scenario with one more untrusted party. This highlights the power of exposure as a resource-theoretic transformation. However, we also delimit such power: we prove a no-go theorem for multi-black-box universal steering bits: there exists no single assemblage with many untrusted and one trusted party from which all assemblages with one untrusted and one trusted party can be obtained through generic free operations of steering. To restore operational consistency, we offer a redefinition of both bipartite steering in multipartite scenarios and genuinely multipartite steering that does not leave room for exposure. Finally, both steering exposure and Bell nonlocality super-exposure have been demonstrated experimentally using an optical implementation. This is to our knowledge the first experimental observation of exposure of quantum nonlocality reported, not only in semi deviceindependent scenarios but also in fully device-independent ones, as originally predicted in [27, 36] . 
Methods
Consistently defining steering. The existence of subtle steering implies a stark inconsistency between the naive definition of steering from LHS decomposability, Eq. (2), and the formulation of its resource theory. Since the free operations that cause exposure are classical and strictly local (fully contained in the AB partition), it is reasonable that they are unable to create not only steering but also any form of correlations (even classical ones) across AB|C. The alternative left is to redefine bipartite steering in multipartite scenarios such that, e.g., the assemblages in Eqs. (3a) and (4) are already steerable. Formally, we need to exclude a subclass of LHS decompositions from the set of unsteerable assemblages.
To identify that subclass, let us apply the wiring y = a to a general σ fulfilling Eq. 
This is a valid LHS decomposition as long as the term within brackets yields a valid (normalized) conditional probability distribution (of B given X and Λ). This is the case if every P 
which renders σ (wired) indeed unsteerable. However, this reasoning can in general not be applied if any P (AB) λ is signaling from Bob to Alice, i.e. if Alice's marginal distribution for a depends on y (apart from x and λ). Therefore, we see that the inconsistency is rooted at hidden signaling. In fact, at the level of the underlying causal model, the phenomenon of exposure can be understood as a causal loop between such signaling and the applied wiring (see Fig. 5 ).
To restore consistency, hidden signaling must be restricted. An obvious possibility would be to allow only for non-signaling P (AB) λ 's in Eq. (2) . Interestingly, however, this turns out to be over-restrictive. Following the redefinition of multipartite Bell nonlocality [27, 36] , we propose the following for bipartite steering in multipartite scenarios.
x ρ y a b λ w i r i n g Figure 5 . Steering exposure as a causal loop. In the causal network underlying LHS models, given by Eq. (2), the hidden variable λ directly influences Charlie's quantum state as well as the Alice and Bob's outputs a and b, which are in turn also influenced by the inputs x and y, respectively. Even though the observed assemblage (after averaging λ out) is non-signaling, the model can still exploit hidden communication (i.e. at the level of λ). For instance, for each λ, Alice's output may depend (red arrow) on Bob's input in a different fine-tuned way such that the dependence vanishes at the observable level. The wiring of Fig. 1b ) forces y = a, closing a causal loop that will in general conflict with the latter dependence for some λ. As a consequence, the final assemblage resulting from the wiring may not admit a valid LHS decomposition, exposing steering. Hence, the exposure can in a sense be thought of as an operational benchmark for hidden signaling in the LHS model describing the initial assemblage. The validity of both time orderings simultaneously prevents conflicting causal loops. More precisely, if a wiring from Alice to Bob is applied on σ, one uses decomposition (8a) to argue with the P (A→B) λ 's [as in Eq. (7) ] that the wired assemblage is unsteerable. Analogously, if a wiring from Bob to Alice is performed, one argues using the P (B→A) λ 's from decomposition (8b). Hence, no exposure is possible for TO-LHS assemblages, guaranteeing consistency with bilocal wirings (as well as generic 1W-LOCCs from trusted to untrusted parts) as free operations of steering. On the other hand, when all λ-dependent behaviors in Eqs. (8) are fully non-signaling, then the assemblage is called non-signaling LHS (NS-LHS). There exists TO-LHS assemblages that are not NS-LHS, which proves that the latter is a strict subset of the former. In Appendix E, we provide a quantum and a supra-quantum example of TO-LHS assemblages that are not NS-LHS.
In either case, the redefinition above automatically implies also a redefinition of genuinely multipartite steering (GMS). We present this explicitly in Appendix D. There, we follow the approach of Ref. [44] in that a fixed trusted-versus-untrusted partition is kept. However, instead of defining GMS as incompatibility with quantum-LHS assemblages (i.e. with λ-dependent behaviors with explicit quantum realizations) as in [44] , we use the more general TO-LHS ones. This reduces the set of genuinely multipartite steerable assemblages safely, i.e. without introducing room for exposure. Interestingly, this enables genuine multipartite entanglement to be certified in the semi-DI scenario without steering (Appendix D).
Appendix A: Universal exposure of quantum nonlocality
In this section we prove that the wiring produces the desired targets and that the source assemblage σ (initial) and behavior P (initial) in Eqs. (3) admit an LHS and an LHV models, respectively, across the bipartition AB|C.
Proof. It is straightforward to check that applying the wiring y = a to Eqs. (3a) and (3b) of the main text, the target assemblage and behavior are obtained, i.e., a σ (initial) a,b|x,y=a = σ (target) b|x and a P (initial) (a, b, c|x, y = a, z) = P (target) (b, c|x, z).
We construct an explicit LHS model for the source assemblage σ (initial) . It is given by
where λ = (λ0, λ1) is a two-bit hidden variable. For the Bell behavior, this expression readily lends itself for a local hidden-variable decomposition of P (initial) on AB|C, P (initial) (a, b, c|x, y, z) = λ P λ P a,b|x,y,λ P (c|z; λ) with P λ = 1 2 ; P (c|z; λ) = P (target) (λ0, c|λ1, z); (A2) and the same bipartite distribution from Eq. (A1b).
Appendix B: Quantum-realizable exposure of quantum nonlocality
In this section we prove that the physically-realizable source assemblage σ (GHZ) in Eq. (4) admits an LHS model across the bipar-tition AB|C, that the resulting wired assemblage is that of Eq. (5) , and that the latter is both steerable and Bell nonlocal.
Proof. The LHS decomposition for Eq. (4) is found via semidefinite programming (SDP). SDP is a convex optimization procedure for linear objective functions that is particularly useful in the semi-DI scenario [4] . The numerical results in this case allow one to find analytic formulas for the decomposition, namely
where again λ = (λ0, λ1) is a two-bit hidden variable.
Let us now prove the steerability and Bell-nonlocality of assemblage (5) . Steerability: with an SDP, we have obtained an assemblage-like object W = {w a|x }a,x that serves as a steering witness, i.e. it establishes the inequality a,x Tr w a|x σ a|x 1, which can only be violated if assemblage σ = {σ a|x }a,x is steerable. Optimized for assemblage (5) , the witness returns a value of 1.0721 and can be cast as
with p = 1 2 (1 + 1 √ 5 ), c ≈ 0.1382, q ≈ 0.2236, and w 1|x = Y w 0|x Y, x = 0, 1. Bell-nonlocality: The necessary and sufficient criterion from [42] yields an optimal violation of the Clauser-Horne-Shimony-Holt (CHSH) inequality of |− √ 5+1 √ 2 | ≈ 2.29 2, attained when Charlie makes von Neumann measurements in the eigenbases of 2Z + X and X.
Appendix C: Experimental assemblages
In this section we describe the quantum state and the assemblages produced in our experiment in more detail. Although we treat two of the qubits as black boxes, in order to ensure that the resulting assemblage is coming up from quantum measurements performed onto a GHZ, we first made a state tomography to determine the tripartite quantum state. This can be done without adding any optical element to the setup. By varying the angles on Alice's quarter-wave plate and half-wave plate before the imbalanced interferometer, we set her apparatus to make any tomographic measurement in polarization if we set H @θ to 0 • . The tomographic projections for the path degree of freedom of photons in s and polarization of photons in i is done using the set of wave plates just before detectors D1 and D2, respectively. Using the collected coincidence counts we reconstructed the tripartite quantum state by maximum likelihood. The reconstructed density matrix is shown on Fig. 6 . The experimental state presents fidelity with GHZ state equals to 0.981 ± 0.004. Each element of the tripartite assemblage is composed of Charlie's conditional quantum state and the conditional probability P a,b|x,y for the black boxes. All sixteen experimental Charlie's density matrices are shown in Fig. 7 in comparison with the corresponding theoretical ones. The associated conditional probabilities are also shown.
For the wired assemblage, the expected conditional probability of each outcome is 1 2 ; the experimental values are 0.46 ± 0.01, 0.54±0.01, 0.49±0.01, 0.51±0.01 (following the order in Fig.4a ). The imaginary components of the density matrix average to 0.05 ± 0.02 (theoretical: zero).
Assemblage Fidelity
We can see by visual inspection that the experimental and corresponding theoretical assemblage elements shown in Figs. 4 and 7 are similar. To quantify this similarity we use a mean assemblage fidelity between two assemblages σ1 = {P1(a|x) 1(a|x)} and σ2 = {P2(a|x) 2(a|x)} defined by F (σ1, σ2) = 1 Nx 
Appendix D: Redefinition of genuinely multipartite steering
Although our discussion has focused on steering along a fixed bipartition, it has a bearing on genuine multipartite steering as well.
This concept hinges on bi-separability over all possible bipartitions, as used by D. Cavalcanti et al to define genuine multipartite steering in [44] . Interestingly, however, our results can be used to generalize that definition. Redefinition of genuinely multipartite steering: An assemblage σ is genuinely multipartite steerable if it does not admit a decomposition of the form
where the last sum can be any TO-LHS assemblage.
The difference from D. Cavalcanti et al's definition is that they consider assemblages obtained from a quantum realization with biseparable states. Reproducing Eqs. (4,5,6) of [44] , a tripartite state ABC is bi-separable when decomposable as
Under local measurements on the A and B partitions, this yields a 2DI+1DD assemblage of the form (D1) (akin to Eqs. (7, 8, 9) of [44] ), but with a distribution P a,b|x,y,λ in Eq. (D1c) necessarily quantum-realizable (a subset of NS distributions). In other words, they only allow the sum in Eq. (D1c) to be quantum-realizable NS-LHS assemblages. Our redefinition, then, reduces the set of genuinely multipartite steerable assemblages. Morover, we show in Appendix E that there are, in fact, quantum-realizable assemblages affected by this change. These assemblages are decomposable as in Eq. (D1) only with a TO-LHS (not NS-LHS) term in Eq. (D1c), and hence their quantum realization requires genuinely multipartite entangled states [i.e. not decomposable as Eq. (D2)]. Interestingly, in this case genuine multipartite entanglement is certified in the semi-DI scenario without steering: the need for a TO-LHS term in Eq. (D1c) implies the inexistence of a bi-separable decomposition (D2) for the underlying quantum state, and also implies unsteerability.
Appendix E: On the sets of LHS assemblages, TO-LHS assemblages, and NS-LHS assemblages
We now state a theorem that sustains Fig.2 b) , concerning the inclusion relations between the sets NS-LHS, TO-LHS, and LHS.
Theorem 1. NS-LHS ⊂ TO-LHS ⊂ LHS, and these relations also hold strictly if we restrict to quantum-realizable assemblages.
Proof. From the definitions in Eqs. (2, 8) , it is clear that NS-LHS ⊆ TO-LHS ⊆ LHS. The phenomenon of exposure implies that the assemblages in Eqs. (3a,4) belong to LHS, but not to TO-LHS, so the inclusion of one in the other is strict (notice that assemblage (4) is quantum realizable). To prove that NS-LHS is a strict subset of TO-LHS, we need an example of a TO-LHS assemblage that does not belong to NS-LHS.
One way to do so is to follow the reasoning of [27] : take the timeordered decomposition of the distribution P from [53] that violates the guess-your-neighbor's-input (GYNI) inequality and find the λ that best mimic the marginal P a|x,λ -this effectively amounts to a one-time program [54] . The resulting TO-LHS assemblage violates GYNI, hence is not NS-LHS, but it is also supra-quantum, since no quantum state can violate the GYNI inequality.
To find a quantum-realizable assemblage that belongs to TO-LHS, but not to NS-LHS, we take inspiration from Bancal et al [36] , who have found Bell behaviors obtainable from noisy W states with the analogous DI-scenario property (TO-LHV, but not NS-LHV). A pure W state is given by |W := (|001 + |010 + |100 )/ √ 3, its noisy version with visibility v, by
Alice and Bob make von Neumann measurements on the bases ηX + 1 − η 2 Z (x or y = 0) and 1 − η 2 X − ηZ (x or y = 1), with η ≈ 0.97177, which yields the assemblage σ noisy W a,b|x,y = v σ W a,b|x,y + (1 − v) 1 C /8 ,
where σ W a,b|x,y is given in Table I . These measurements, together with an appropriate measurement by Charlie, yield in [36] a DIinequality violation requiring minimal visibility.
We obtain the optimal NS-LHS witness W = {W abxy } a,b,x,y for σ noisy W a,b|x,y for v = 0.58, i.e. W satisfies the property − 1 ≤ a,b,x,y
Tr[W abxy σ NS-LHS a,b|x,y ] ≤ 0 (E3) for every NS-LHS assemblage σ NS-LHS . Its components W abxy are given in Table II . This witness is violated by σ noisy W a,b|x,y from v ≈ 0.58 onwards; for v = 0.64, it returns 0.0301.
However, there is a TO-LHS decomposition of σ noisy W a,b|x,y for v = 0.64 (hence for v < 0.64), which, equivalently to Eq. 
where the D λ are deterministic response functions and σ λ := p λ ρ λ are non-normalized states. Each D λ (a|x) is specified by ax, the deterministic outcome a conditioned on x; the notation follows analogously for D λ (b|x, y), D λ (a|x, y), and D λ (b|y) (bxy, axy, and by, a b x y σ W a,b|x,y 0 0 0 0 1 6 2η 2 |0 0| + (1 + 1 − η 2 − η 2 /2)|1 1| + η(1 + 1 − η 2 )X 0 1 0 0 1 6 2(1 − η 2 )|0 0| + η 2 /2|1 1| − η 1 − η 2 X 1 0 0 0 1 6 2(1 − η 2 )|0 0| + η 2 /2|1 1| − η 1 − η 2 X 1 1 0 0 1 6 2η 2 |0 0| + (1 − 1 − η 2 − η 2 /2)|1 1| − η(1 − 1 − η 2 )X 0 0 0 1 1 12 2(1 + 2η 1 − η 2 )|0 0| + (1 − η + 1 − η 2 − η 1 − η 2 )|1 1| + (1 + η + 1 − η 2 − 2η 2 )X 0 1 0 1 1 12 2(1 − 2η 1 − η 2 )|0 0| + (1 + η + 1 − η 2 + η 1 − η 2 )|1 1| − (1 − η + 1 − η 2 − 2η 2 )X 1 0 0 1 1 12 2(1 − 2η 1 − η 2 )|0 0| + (1 − η − 1 − η 2 + η 1 − η 2 )|1 1| − (1 + η − 1 − η 2 − 2η 2 )X 1 1 0 1 1 12 2(1 + 2η 1 − η 2 )|0 0| + (1 + η − 1 − η 2 − η 1 − η 2 )|1 1| + (1 − η − 1 − η 2 − 2η 2 )X a b 1 0 σ W a,b|1,0 = σ W b,a|0,1 0 0 1 1 1 6 2(1 − η 2 )|0 0| + (1 − η − (1 − η 2 )/2)|1 1| + 1 − η 2 (1 − η)X 0 1 1 1 1 6 2η 2 |0 0| + (1 − η 2 )/2|1 1| + η 1 − η 2 X 1 0 1 1 1 6 2η 2 |0 0| + (1 − η 2 )/2|1 1| + η 1 − η 2 X 1 1 1 1 1 6 2(1 − η 2 )|0 0| + (1 + η − (1 − η 2 )/2)|1 1| − 1 − η 2 (1 + η)X , where in each table, the six columns to the right are the binary expression of the leftmost column (λ). The states σ λ are given in Table III . 0.0009 0.0005 0.0005 0.0003 53 0.0001 0.0005 0.0005 0.0034 54 0.0035 −0.0008 −0.0008 0.0003 55 0.0193 −0.0303 −0.0303 0.0479 56 0.0044 0.0023 0.0023 0.0013 57 0.0002 0.0004 0.0004 0.0024 58 0.0287 −0.0055 −0.0055 0.0011 59 0.0008 −0.0011 −0.0011 0.0018 60 0.0008 0.0004 0.0004 0.0003 61 0.0001 0.0002 0.0002 0.0015 62 0.0967 −0.0246 −0.0246 0.0063 63 0.0206 −0.0300 −0.0300 0.0440 Table III . Non-normalized states σ λ needed in Eq. (E4) for the TO-LHS decomposition of the assemblage (E2).
Appendix F: No-go theorem for multi-black-box universal steering bits
In contrast to the protocols exploring the capabilities of wirings within the AB partition, in this section we present a no-go theorem limiting their transformation power. Since it is known [22] that in minimal dimension there is no steering bit -i.e. no "universal" minimal-dimension assemblage that can be transformed into any other under 1W-LOCCs -one can ask whether reduction from a higher number of inputs, outputs or parties allows such a steering xint. Then ∃ã,ã f 0 ,ã f 1 such that K θ ω |ψ(ã,xint) ∝ |ψ θ (ã f 0 , x f = 0) , K θ ω |ψ(ã,xint) ∝ |ψ θ (ã f 1 , x f = 1) ,
which is incompatible with Eq. (F2). We are then left with the valuesx for x f = 0 and x f = 1 being all different. Taking the liberty to relabel our variables, let us consider a valuex = 0 for x f = 0 and a valuex = 1 for x f = 1, ignoring the other possible values ofx for which Eq. (F6) holds. Let us callã = 0 andã = 1 the two values ofã for which, givenx, Eq. (F6) holds. We see thatã f could take any value for eachã. However, ifã f is the same for the same (x f ,x) and two differentã, e.g., Kω|ψ(0, 1) ∝ |ψ θ (0, 1)
Kω|ψ(1, 1) ∝ |ψ θ (0, 1) ,
then Eq. (F6) cannot be satisfied for all x f . This is because {|ψ(0, 1) , |ψ(1, 1) } form a basis of the qubit Hilbert space, hence Kω has a 1-rank span given by |ψ θ (0, 1) , which does not span |ψ θ (ã f , 0) as needed. Henceã f is different for eachã value.
We can then conclude that, up to relabeling, there must be states |ψ(ã,x) belonging to σ bit which obey Kω|ψ(0, 0) ∝ |ψ θ (0, 0) (F9a)
Kω|ψ(1, 0) ∝ |ψ θ (1, 0) (F9b)
Kω|ψ(0, 1) ∝ |ψ θ (0, 1) (F9c)
Kω|ψ(1, 1) ∝ |ψ θ (1, 1)
to obtain the family of assemblages {σ θ } θ∈]0,π/2[ . We will choose the following parametrization:
|ψ(ã,x) = cos(ϕã ,x )|0 + e iαã ,x sin(ϕã ,x )|1 ,
where ϕã ,x ∈ [0, π/2]. It should be noted that (ϕã ,x , αã ,x ) may depend on θ throughã,x: because P θ X|X f ,Ω may depend on θ, the valuesã,x for which Eq. (F6) holds may vary for different values of θ. However, for finitely many values of a, x, there are only finitely many states and finitely many (ϕa,x, αa,x) to pick from, so some choice of states as in Eq. (F10) must still be able to satisfy Eq. (F9) for a continuous set of values θ.
Substituting Eqs. (F2) and (F10) in (F9a,F9b) , respectively, we see that = −e iα 00 tan ϕ00; (F11)
where K θ ωij := i|K θ ω |j . Doing the same in (F9c,F9d) and substituting (F11), we find, respectively,
= tan θ tan ϕ01e iα 01 − tan ϕ10e iα 10 tan ϕ01e iα 01 + tan ϕ00e iα 00 (F12)
Equating the two, we have tan 2 θ tan ϕ01e iα 01 − tan ϕ10e iα 10 tan ϕ01e iα 01 + tan ϕ00e iα 00 + + tan ϕ11e iα 11 − tan ϕ10e iα 10 tan ϕ11e iα 11 − tan ϕ00e iα 00 = 0 ,
which, for fixed ϕã ,x , αã ,x , must hold for a continuous set of values θ. This is only possible if both parentheses are zero, which in turn implies (ϕ0,1, α0,1) = (ϕ1,0, α1,0) = (ϕ1,1, α1,1), or |ψ(0, 1) = |ψ(1, 0) = |ψ(1, 1) , contradicting the established relation |ψ(0, 1) = |ψ(1, 1) . This concludes the demonstration for non-single-state assemblages. Finally, let us show that a single-state assemblage is unable to do the task. From (F3), a,x P θ X|X f ,Ω (x|x f , ω)P θ A f |A,X,Ω,X f (a f |a, x, ω, x f )P A|X (a|x)× × K θ ω |ψsingle ψsingle|K θ † ω ∼ |ψ θ (a f , x f ) ψ θ (a f , x f )| .
(F15)
The sum on the left-hand side is not zero for at least two pairs (a f , x f ), hence K θ ω |ψsingle must be proportional to |ψ θ (a f , x f ) for both these pairs. This is incompatible with Eq. (F2), since none of the |ψ θ (a f , x f ) are proportional to one another. 
